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ABSTRACT

Deciding on an aeration system technical characteristicssuch as energy efficiency of oxygen
transport in refinery waste water and capacity of oxygen introduction is an important ques-
tion. With the same membrane air distributor, in the same examined range of waste motor
oil contents 5 and 10gm > and air flows 2, 6 and 10m>h~' energy efficiency of oxygen trans-
port is better up to 54% and twice the real capacity of oxygen introduction, in the water col-
umn 2m high, compared to water column 1m high. The improvement of technical
characteristics is achieved in the aeration regimes with the longer retention time between air
input and output and minimal electrons density in the gas bubbles. In our paper it is pro-
posed, electrons flux controls the oxygen transport volumetric coefficient, which determines
the technical characteristics of aeration system.

Keywords: Membrane air distributor; Water column height; Active and passive oxygen transport

coefficients; Electrons density state; Electrons retention molar times; Oxygen
potential energy; Oxygen transport molar work; Oxygen surface molar polarization

1. Introduction

This paper examines technical characteristics of the
membranes’ air distributor, energy efficiency of the
oxygen transport in refinery waste water at the same
range of waste motor oil content 5 and 10gm > and
air flow, 2, 6 and 10 m3>h! depending on water col-
umn height 1 and 2m. Some of the technical indica-
tors of the aeration process installations, stated in the
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literature and in technical documentations of the pro-
ducers, for conditions of the clean water aeration are
supplied. When the aeration system is designed, it is
necessary to use most efficient aeration devices.
Experimental method for determination of technical
membranes’ characteristics is described in previous
papers [1-3] based on the material balance of the aera-
tion process [4,5].

According to the literature [4-16], the used mem-
brane air distributor influences dominantly the techni-
cal characteristics of aeration systems.
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The relative real aeration technical characteristics are
strongly dependent on the water column height. The
increasing of the real technical characteristic—energy
efficiency of oxygen transport, in the water column 2m
relative to 1 m is obtained:

e Up to 60% at minimal air flow 2m>h~" where satu-
ration rates controlled oxygen diffusion rate con-
stants and oxygen volume transport coefficients.

e About 80% at the maximal air flow 10m’>h™" in
water with less added oil content, ng*3 and 25%
with 10m>h™! where maximal oxygen transport
efficiency controls the saturation rates.

e And 18-32% at the middle air flow 6m>h~' where
the oxygen introduction volume coefficients limited
with oxygen saturation rate constant as catalyst in
the possible water couple reaction.

In our paper, it is proposed that the aerated oxy-
gen can activate coupled electrons and oxygen trans-
port in the galvanic cells depending on the oxygen
chemical affinity between the polarized inter-metallic
surfaces of the deposited alloys and gas bubbles, and
between gas bubbles on air input and condensation
nuclei on air output.

If the reduced metal atoms are present, equal
anode and cathode chemical exchange electron cur-
rents of the present reduced metal atoms can be
induced on the stationary corrosion potentials [17]:

* On Fe with the small hydrogen over-potential,
0.08 V and oxygen over-potential 0.25V.

¢ On the inter-metals alloying and successive doping
with the atoms which increase the hydrogen over-
potential (Cu and Cd at 0.48V, and Pb 0.64V) and
the oxygen over-potential (Cd 0.43 and Pb 0.31V).

Vayenas and co-workers [18] investigated the
efficiency of the hydrogen and oxygen chemical
depolarization rates, relative to the Faraday depolariza-
tion rate as a measure of the modified Faraday gain,
with the non-Faraday modification of the catalytic
activity (NEMCA) effect, A in the inter-metal contact
surfaces with the hypo-hyper—d-electrons transition. In
this paper, it is proposed that NEMCA effect occur by a
back-spillover mechanism where components active in
hydrogen striping migrate from solid electrolyte onto
the gas exposed electrode surface. This effect can influ-
ence overall oxygen transport coefficient in liquid to be
limited with saturation or (and) diffusion step, depend-
ing on electrons density on gas bubbles diameter where
van der Waals interactions are relevant in the oxygen
transport activation energy, along with electrostatic
interactions on hydriding/dehydriding cycles.
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AH % #: dTle
de (1.1)

A I C]Jlo2

0 X2F = dr

Then the efficiencies of the Faraday electrons
activated with the air flow, in contact with reduced oxy-
gen molecules and positive hydrogen ions determine:

e chemisorbed oxygen electrons exchange current
efficiency,

B(lo,-/0,) : Bo,-/0,) = lo,—jo,/Ir

* oxygen electrons chemical potential efficiency,
B(Uo,-/0,) : B(Uo,-/0,) = Uo,-j0,/Ur

* and oxygen electrons chemical power efficiency,

ﬁP'(IOZ*/Oz X UOZ*/OZ)

Io,_0,Uo,—
Bp = %L[OZ/OZ = B(IOzf/Oz) X ﬁ(uozf/oz)
FUF

(1.2)

In our previous paper, oxygen diffusion and oxy-
gen adsorption rate constants are determined based
on the oxygen transport power balance equation,
depending on:

¢ The oxygen chemical affinity determined on the base
of the Van’'t Hoff equation of the chemical potential
equilibrium achieved after saturation time [19].

* Experimentally measured oxygen transport volu-
metric coefficient based on the Henry's law [1-3],
described in the experimental part.

The task of this paper is to determine the domi-
nant parameters in the control of the aeration mem-
brane technical characteristics, depending on the
water column height.

2. Experimental determination of the oxygen
transport volumetric coefficient based on material
balance [1-3]

The technical characteristics of membranes’ air dis-
tributor for aeration by catalogue of “Gummi-Jaeger
GmbH” (Deutchland) are used in various biological
treatments of industry and communal waters. The type
HD340 used membrane diffuser consists of the fine
perforated membrane, fixed with a ring over disc of
material (PP GF30) and material of membrane ethilen—
propilen-dimer (EPDM). Membrane distributor can be
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Table 1

Characteristics of the membrane air distributor according to catalog of the Gummi-Jaeger GmbH

Type Dimensions Aegated surface Ail; flow  Material of =~ Material of
Diameter A total/  Height-B  Height-C () /by disc membrane
effective (mm) (mm) (mm)
HD 270 270/220 30 58 0.037 1.5-7 PP GF30 EPDM/silicon
HD 340 340/310 46 76 0.060 2-10 PP GF30 EPDM
HD 235 240/209 32 45 0.030 1.5-7 PA GF30 EPDM
HD 325 330/290 32 45 0.059 2-10 PA GF30 EPDM
ECO 21 270%/230 24 55 0.045 1.5-7 PP GF30 EPDM
ECO 34 270%/330 24 55 0.045 2-10 PP GF30 EPDM
oA be made at least once per year. At standard condi-
tions, air flow is regulated depending on oxygen
P ———— e demand according to recommendations for the distrib-
}ﬁf‘““-}}\}l—\\\\\\“&\\\\\\\\\‘\\\\\\\\\\\w& o utor type [9,10] in the polypropylene column with
: - £ 1% dimensions 700 x 700 x 2200 mm (Fig. 2).

75
&> -§ | Ef \

Fig. 1. The disk-shaped membrane air distributor [3].

applied on water temperature 5-35°C and air input
temperature has to be less than 60°C (Table 1, Fig. 1).
The age of membrane distributor usage is 10 years
and depends on wastewater -characteristics and
parameters of aeration process, but the control has to
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Experimental work was performed for batch work-
ing conditions with water column 1 and 2m high and
the total volume 490 and 980 L and varying air flow of
2,6 and 10m°/h. Average characteristics of wastewater
in Refinery in Modrica, during the period of investiga-
tion were: pH in range 7.21-7.29, water temperature
15-25°C, oil content 13-23mg/L, inorganic salts 0.38-
0.40mg/L, total solid matter 0.5-0.7mg/L, chemical
oxygen demand 80-180mg/L, biological oxygen
demand (BOD) to 7mg/L, CaO 18.5-21.5mg/L and
electric conductivity 670-770 uS/cm. Characteristics of
examined water are dependent on content of added
motor oil 5 and 10g/m’, the viscous waste motor oil
(SAE 15 W-40). The characteristics of added waste
motor oil were: 132.0mm?/s viscosity index;

_______ tions control devi
measuring points

drainage

Fig. 2. The scheme of experimental installation [3]. 1—low pressure compressor (blower); 2—valve on the air inflow pipe;
3—relieving valve; 4—air flow regulator; 5—air flow measuring orifice plate; 6—column with corresponding connections
and framework; 7—disk-shaped membrane air distributor; 8—water supply; 9—sampling connection.
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inflammation temperature of 231.0°C; 3.18 mg KOH/g
total acid number as, 9.73 mg HCl/g total base number
0.039% Zn content; 0.310% Ca; 44.87ppm Al and
13.4ppm Fe; 4,11 ppm Cu and 0.98 ppm Cr.

Before starting the experiment, viscosity, density and
surface tension of water in the experimental installation
are determined and also the temperature of the
surrounding air and water in column. Densities of three
examined samples of water were in range of 992-996 kg/
m°, viscosity in range of 0.81 x107°-0.99 x 10 ®m?*/s
and surface tension coefficients were 76.2, 64.8 and
57.3mN/m, respectively. The over-pressure value before
(Pm)a and after the orifice plate (p,), was measured
when the first air bubble entered in the water.

Dissolved oxygen was previously removed using a
calculated concentration of sodium-sulphite, NaySO3
and cobalt-chloride-hexa hydrate, CoCl;-6H,0O.

When air flow is stabilized, the dissolved oxygen
content is measured until the same value is repeated
thrice using Hanna Instruments 9142 with polaro-
graphic sensor, with accuracy 0.05g/m’ after water
sampling from the column in equal time intervals
(At=60s5).

According to literature [9], the total coefficient of
oxygen transfer from contact surface in liquid phase
KL, ms™! and from contact surface in gas phase,
Kg, ms™" determines oxygen transport volumetric
coefficient in liquid ki, ms™! and oxygen transport
coefficient in gas phase, kg, ms™! based on the

reduced Henry’s constant, Hayeq, J mol .

1

1 1 1
e 2.1
KL kL + Hared X kG ( )
1 1 Hﬂred
- 2.2
K k' h (22)
3
Ha.y — Ha xx Pam (2.3)

C. ’ kmol

where ¢, = - kmol/m’.

The ratio of transport coefficient in liquid and gas
phase is:
ki Pa m®

= (0.1-0,5) 1 —

(2.4)

The negligible resistance for transport in gas and
reduced Henry’s constant of order 10° equalize total,
Ky and transport oxygen volumetric coefficient ki ..

KL ~ kL (25)
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Experimental determination was possible on the
base of the material balance of oxygen in the batch
reactor [6,8], applied in our experimental conditions

Qxcin+Vchu1—VLxR(r)

; d
:QXC+VGXC11+VLX£

= (2.6)

dc
Vi—=q(cu — ¢i,) — Vir(7)

o (2.7)

The gas phase material balance equation has to be
applied also.

Ve X (ca — €iz) = A x K x [c*(ciz) — ] (2.8)
A

a= Vi (2.8a)
o (Cul - Ciz)dVG 1

fa = Vi(c*(cip) —c)dt’s 29)

where Vi = dVg/dr =g, m®/s—air flow; Q, m3/s—
water flow (for batch process conditions Q=0); cin,
kg/m>—mass concentration of oxygen in the influent,
Ro, (1), kg/(m®s)—specific oxygen consumption dur-
ing biological treatment; ¢, kg/m’—mass concentra-
tion of oxygen in the liquid and effluent. C*=c (c;,),
kg/m’—equilibrium mass oxygen concentration
depending on partial oxygen pressure on air output.
A =a x Vi, m?>—total contact surface between air and
water, a4, m?2/ m3—specific surface of contact between
air and water, c,;, kg/ m°®—mass concentration of OXY-
gen in air at the input, c;,, kg/m>—mass concentration
of oxygen in air at the output, Vi, m*>—water volume,
R, J/kmolK—universal gas constant, Ha, Pakmol
(O2+L)/kmol O,—Henry’s constant oxygen distribu-
tion coefficient between air and water, Tg, K—
absolute air temperature, C;, kmol/ m® molar concen-
tration of water.

The combined Egs. (2.7) and (2.8) for K=k in batch
conditions give:

% = kpalc*(ci,) — ¢] — R(x) (2.10)
¢e) = 7 (2.11)

Combined Egs. (2.10) and (2.11) define oxygen
concentration on air output, c;, and enable determina-
tion of the oxygen transport volume coefficient on the
base of the slope, m of the liner function.
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dc Ciy
I kra {Hc — c} —R(7) (2.12)
_ gcu + Vikic g
= ke (2.13)
q H.

ch - kL”V “R(®)|t (2.14)
Cy — 11cC H, +7L

Cul — HCCO
In———_ = 2.1
New —Helt) " (2.15)

The solving of the Eq. (2.14) enables linear function
to be obtained:

* by combined Egs. (2.12) and (2.13).

Y = mX (2.16)

* by using ideal gas state equation and modified
Henry’s constant, Hc.

_ pul X M02 k_g

Cul = RxTo  m (2.17)
H,
H, = RTecr (2.18)
puMo, _ Ha c
_ RTG RTRCL °
Y_lnPUIMOZ ~Ha T) (2.19)
RTG RTRCL
X=1 (2.20)
Ha
kLa
RTge
= Ha R LVL — Ro, (1) (2.21)
—k
RTre Vo ™

The values of Y experimentally obtained for each
value of c¢(r) in time intervals of 1min are used in
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Table 2
Temperature correction factors

Treatment procedure Temperature correction factor,

0

The range Typical value
Active sludge 1.00-1.04 1.02
Aerated lagoon 1.04-1.12 1.08
Biological filters 1.02-1.14 1.08

calculation of the oxygen transport rate constant, ka
acc. to the Eq. (2.21) on the base of the slope deter-
mined according to the Eq. (2.16).

Ha(m + Roz (‘C))VG

kg —
Y = YeHa — (m + Ro,) VL RTxer

(2.22)

Temperature corrections factor, 0 (Table 2) trans-
forms real oxygen transport volumetric coefficient on
standard conditions to (kpa)s for t;, =20°C according to
literature [4]:

kia), 1
(k) = o 1

s 0&720 ) s

(2.23)

(a) 25 -
t, °C

y=0,9917x+ 0,0017
R?=0,99

Inp/pa
0,2 0,3

Fig. 3. (a) Diagram of liquid temperature, t, gas
temperature t; and temperature of rounding air, tg,
depending on the aeration regime, c-h-q (Table 4). (b) The
functional dependence for determination of the
equilibrium electrons temperatures, tep g in the isochoric
exchanged water sensible and latent heat of adsorbed
Cvi(T(e)ag—TL)

components [20], T(ePTLE)Mtzo = — Rt
Pa



4276 M. Stanojevic et al. | Desalination and Water Treatment 51 (2013) 4271-4282

Table 3

Technical characteristics of aeration systems [3]: depending on added motor oil, ¢, gm™~, water column height, h, m and
air flow, g, m*h™', c-h-q: real energy efficiency [3], Ee’, g/kWh, real oxygen introduction capacity, OC’, g/h; the oxygen
transport efficiency [3] E*, %; experimental determined oxygen transport volume coefficients [3], (ki) h '; oxygen drift
rate constant Ko,dr = 0.21q/VLh™"

3

Reg. c-h-q OC'gh™! E" % Ee”gkWh™! Ko,drh™! (Kpa) mh™!

5-1-2 6.16 0.84 184 0.8 2.86

5-1-6 8.08 0.44 9.8 2.4 3.74

5-1-10 104 0.29 7.1 4 4.83

10-1-2 5.04 0.7 15.0 0.8 2.34

10-1-6 6.69 0.36 8.1 2.4 3.11

10-1-10 8.50 0.24 5.8 4 3.95

5-2-2 9.53 1.12 28.4 0.4 2.04

5-2-6 9.52 0.46 115 1.2 2.03

5-2-10 19.0 0.62 12.9 2 4.06

10-2-2 8.20 1.00 24.5 0.4 1.75

10-2-6 8.84 0.43 10.7 1.2 1.89

10-2-10 10.7 0.27 7.3 2 2.29

3. Results and discussion ¢ Electron density in couple process PLTE between
The aim of this paper is to examine the technical ilr?;trons and hydrogen ions y=l[el, molm ° [20],

characteristic depending on: .

e Oxygen absorption rate constants [19].

¢ The ratio of the oxygen transport volumetric and
drift rate constant,

* The passive saturation and diffusion rate constants
calculated in our previous paper [19],

The technical characteristics are calculated based
on the experimental values of the oxygen transport
volume coefficient, (kya),, obtained with the same

Table 4
The previous obtained results: the measured temperatures [3]; liquid temperature, ¢;; gas temperature before air input,
tg; temperature of the rounding air, tg, ‘C [3]; calculated electrons hydration temperature, Teaq [20] Teaq = %ﬂ%&

(3.1), AS’(H,0); = 69.9Jmol 'K ; calculated the electrons temperature in partial local equilibrium, Tep e exchanging
Cvi(Teag—TL)

latent heat TeprTE = Rinfe (3.1a)

c-h-q t () tg () tr (°O) tL—tg (C) teaq (O) tepTe (K)
(3] [3] (31 [191 [19]

5-1-2 149 14.9 184 0 16~ 79.3

5-1-6 15.6 15.6 19 0 16~ 1ot 232

5-1-10 15.8 158 19.9 0 20.3 > tg 1915

10-1-2 149 149 184 0 21.7 > tg 480

10-1-6 14.8 14.8 19.2 0 21.7 > tg 378.4

10-1-10 149 14.9 20.1 0 21.7 & tR 284

5-2-2 15 135 12,5 1.5 1635 > f1 68.5

5-2-6 12.1 143 15.2 -3.1 13 = ot 41

5-2-10 145 134 153 1.1 13.1~tg 66 5.1E4 1E6

10-2-2 135 162 17.2 -2.7 20.6> tg 318

10-2-6 132 17.4 19.1 —42 20.6>tg 294

10-2-10 14.1 15.5 16 -14 18> tg, 38 129 798
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membrane diffuser according to equations given in
the appendix part, (a). The oxygen transport volumet-
ric coefficients are calculated also according to chosen
empirical models given in the supplementary part (b).
These parameters are determined depending on aera-
tion regime defined with the added oil content c;
water column height,  and air flow, g, i.e. denoted as
c-h-q [3] (Fig. 3(a) and (b), Tables 3-5).

In the aeration regimes with the minimal air flow,
c-h-2, the measured oxygen transport volume coeffi-
cients indicate the agreement with the oxygen trans-
port volume coefficients and empirical calculated
according to Kawase model, based also on the surface
tension and water column height, along with molecu-
lar oxygen diffusion coefficient and liquid viscosity
(Table 5, Fig. 4).

The relative technical parameters based on the real
oxygen coefficient of volume transport, R,.=(kpa/

Table 5

4277

kar)2/(ka/kgr)1 are maximal in the regime 5-2-10
where the relative oxygen chemical energy transport
parameter, Rpas=(ks/kq)2/(ks/kq)1 is minimal (Table 6,
Fig. 5).

According to the Lingane equation, (3.2), oxygen
diffusion rate constant at equal oxygen diffusion coef-
ficient, D diffusion layer depth, 6 and contact surface
A would be decreased two times in the water volume
Vi=1m®> 2m high water column) relative to the
water volume, V,=0.5m> (I m high water column).

DA

ka=5v

(32)

However, oxygen diffusion rate constant, k4 is less
about 2.44 times (5-1-q) to 2.33 (10-2-q) (Table 5) in the
water column 2m high relative to 1m, independently
on the air flow.

The previous obtained results: saturation rate constants k, h~! [19]; diffusion rate constant, kg, h™! [19]; adsorption rate
constant, k, [19]; and oxygen transport volumetric coefficients calculated to the chosen models to Kawase (kpa)x and to

Calderbank (ki a)c [3]

c-h-q ks(h™) ka(™h ky(h™h (k) (Y (ka)ch™)
5-1-2 3.2 4.7 —0.047 2.15 6.85
5-1-6 35 4.7 —0.047 5.68 5.06
5-1-10 5.4 4.7 —0.047 11.07 5.53
10-1-2 3.0 4.2 -0.036 2.17 7.44
10-1-6 3.7 4.2 —0.036 5.64 5.42
10-1-10 5.4 4.2 —0.036 12.61 5.1
5-2-2 2.3 1.92 —0.0084 1.59 4.67
5-2-6 2.5 1.92 —0.0084 5.17 450
5-2-10 3.0 1.92 —0.0084 9.83 4.69
10-2-2 24 1.8 —0.0026 1.65 4.97
10-2-6 2.6 1.8 —0.0026 5.21 4.95
10-2-10 3 1.8 —0.0026 9.93 5.06
Table 6

The relative characteristics of 2m high water column to 1m high, defined as the ratio of the examined parameter R, at
equal oil content and air flow: relative real energy efficiency of oxygen transport: Rg.=EL,/E.;; relative real capacity of
oxygen introduction, Roc =0C,/OC;; relative ratio between oxygen volumetric and drift, rate constants, Ru = (kpa/kar)a/
(kpa/karh; relative oxygen transport efficiency, Rg =Ej/E}; relative ratio of the oxygen saturation and diffusion; rate con-

stants: Rpas = (ks/ka)2/ (ks/ka)

Rpas REe
5-h-2 1.76 1.54
5-h-6 1.76 1.17
5-h-10 1.37 1.81
10-h-2 1.87 1.6
10-h-6 1.63 1.32

10-h-10 1.3 1.25

ROC Ract RE

1.54 1.42 1.33
1.18 1.1 1.04
1.82 1.67 213
1.64 1.49 143
1.32 1.2 1.19
1.25 1.16 1.12
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4. Influence of the water height on the technical
characteristics of aeration systems

Electrons concentration gradients control the molar
electrons and oxygen fluxes rates, vy 1. and vop4, from
the beginning up to the equivalent titration point
(ettp) through equal molar contact surface 2=1m?/m’
through the same contact surface monolayer depth, 9,
on the side of the gas vopqr(e) and on the side of the
liquid vop1(e), depending on the chemisorbed oxygen
concentration gradients no,/9, and, npxg/J, as well as
on the transport volumetric and drift rate constants:

Uoz,L(e) B kra x Nnoz L

= 4.1
Vooar(€)  Kond, X Mong (1)
where:
vo2.L/No2L N kea 4 _ 0 _

= Voo X TL/8 = Vipg, X Tar =h  (4.2a)
U02dr / nooc  Koodr ’
U%Z.L kia
o0 — = k :f(h) (42b)
O2dr 02dr/ ¢ q

The study of dominant processes and parameters in
the control of the water height influence on the technical
characteristics of the aeration system (Table 3, Fig. 4). is
based on the comparison between the active measured
[3] and the calculated passive oxygen transport rate con-
stants [19] as well as calculated according to the chosen
models of Kawase and of Calderbank [3] (Table 5, Fig. 4).

For all the examined aeration regimes with the
same membrane diffuser, the linear function based on
the experimental data is obtained between the energy
efficiency of oxygen transport, y = E, g kWh™' and
oxygen volumetric and drift rate constants ratio,
x=kpa/kosar, with the strong correlation coefficient,
R*=0.9814 (Fig. 6):

15

e kO 20y o (kLa)m = (kLa)K

10
5_

0+ 1

N W O N WO NV OMN W o

e R s T U T T T i

W m e ol o o 2

n - - O N - - O

— —

Fig. 4. The influence of examined aeration regimes on: the
measured standard oxygen volumetric transport
coefficients (kpa), [3], calculated values to the chosen
empirical models to Kawase, kia (K) and to Calderbank,
kpa (C) [3], oxygen drift rate constant, kopqr, [19] oxygen
chemical relaxation rate constant as reciprocal value of the
saturation time, ks [19] and calculated diffusion transport
rate constants, kq [19].
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o

Fig. 5. The relative values of the examined technical
parameters calculated at equal oil content and air flow
(Table 6): relative real energy efficiency of oxygen
transport: Rge.=E,,/E.;, relative real capacity of oxygen
introduction, Roc=0C,/OC;, relative ratio between oxy-
gen volumetric and drift, rate constants, R, =(kpa/kqr)2/
(kra/kap)1, relative oxygen transport efficiency, Rg=E}/E}
and chemical parameter: relative ratio of the oxygen satu-
ration and diffusion, rate constants: Rpas = (ks/ka)2/ (ks/ka)1.

309 E E.'=5.1405k akog + 1.5199
gkWh-! R?=0,9814
c-h-q
20
P
10 - ‘IV‘/
kLalkozar
0 T T 1
0 2 4 6

Fig. 6. Functional dependence between: real energy
efficiency of oxygen transport Y=FE,, gkWh ', and mea-
sured oxygen transport volumetric coefficient and drift
rate constant ratio (kpa)/kozqr , depending on the examined
aeration regimes.

—1.5199

E, — 5472

A (4.3)

Based on the measured ratio, %“ the energy

efficiency can be calculated based on the slope, tg o in
the Eq. (4.3) obtained with the same examined air
distributor.

AEe

toy =——— " =51405 gkWh ™!
8% = Alkva/kossr) &

(4.4)

In contact surface with depolarized hydrogen elec-
trons flux density currents, on the side of gas equiva-
lent with electrons density, flux on the side of liquid
phase has to be achieved in equivalent titration point
of component active in hydrated electrons flux energy
transport (ettp).
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0
Yoo L kpa
=g -1
U02dr 02dr/ ettp

Molar electrons energy, W,fw:kdr received from the
outer source up to the equivalent electrons titration
point is calculated as the reciprocal value of the oxy-
gen energy efficiency:

o 1

W, = 4.5
fasker AR (A(kea/kar) = 1) (9
A(kpa/kqy)  5.1405
0 —
AEe" = tgu x M(O)) 32 A(kpa/kar) (4.5a)

The combined Egs. (4.5) and (4.5a) give the molar
transferred energy flux in the equivalent titrations
points:

. 32

_ 6 __ -1
ka=kg — m36 x 10° =22.41 M] mol

(4.5b)

In the double electric layer, hydrated electrons
activate water as heat exchanger of the sensible heat
with the components depending on its affinity to elec-
trons (oxygen, hydrogen, inorganic salts, salts compos-
ites, metals alloys):

¢ In the outer Helmholtz plane, & ppo)=25.9,
¢ In inner Helmholtz plane, &cacos =6,

In the reaction Helmholtz plane relative electric
permittivity are intermediate values:

erpbs) = 17.9,

Er(Fe203) = Er(PbSO4) = 14'3/81'(1<resol) =11.6, ér(g2) = 11.2, &
(octanol):10'43/ 8r(Hg2C12)29'4 and 8r(Na2CO3):8‘4/ ér
(dichlir-oroan) = 10, Er(fenol) = 9.8, &r(J2) = 11.2, €r(chinolin) = 9,
etc. [21]. The gas component at different pressure
and temperatures than standard values change the
relative electric permittivity’s, according to the refer-
ence [21], (&r—1)p/(er — Dpors=(p/(Tp =T/ (p/TS)):
Sr(Nz) =1= 5), Sr(Hz) =1= 3, Sr(OZ) =1+2 and 8r(C02)
=1+1. In the Helmholtz layer, HP, structural water
changes in CuSO,-5H,O/CuSO,; make possible the
equal relative electric permittivity of the O, and of
the anhydrous copper-sulfate er(CuSO; and O,—)
=10.3 [21,22].

The specific chemisorbed components transform
electrons kinetic energy into potential energy depend-
ing on the affinity to electrons:

AG(O,) = FAg,
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The unspecific adsorbed ions transform the poten-
tial energy in the oxygen impulse (in closed system)
or kinetic energy (in open system) [20] W’

Php a=kg,

W /ey = WO(C) oy /e0r (4.6)

X Cop = FAI//

a:kdr

W(C)op = & X ngL (4.6a)

In the Helmholtz plane, chemical potential relaxa-
tion work determines the difference between the
potential and kinetic energy (Table 7):

A= FAy = A,G"(Oz) — W(c)o, (4.7
AaG’(O;) — W*(O3)

FA7/RTy = 273.15R

(4.7a)

In the 1m high water column, the external energy
source favours specific chemisorptions of the dissoci-
ated oxygen on the components active in endothermic
heat transport due to the maximal affinities to elec-
trons, Ea(O/07)=783kJmol"’ and Ea(O/0O,)
=642 k] mol .

External source keeps stationary oxygen polariza-
tion due to the exothermic affinity to electrons, Ea
(O /0;)=-141K mol ' equal with the difference

Table 7

The calculated data: molar oxygen affinities to electron,
calculated in our previous work, AaG’, [19]; molar
electrons transport work in layer with the equilibrium
oxygen concentration at electric permittivity & = 10.3 acc
to Eq. (4.6a); oxygen surface molar chemical energy calcu-
lated to Eq. (4.7) and compared with the gaseous pressure
work on the freeze water temperature FA,/RT

c-h-q AaG’o, W, FA,/RT Eq.
(k] mol ™) (k] dm 3 (4.7a)
5-1-2 ~74.5 ~70.7 ~1.65
5-1-6 -36.3 —AGY(02/05)aq  —19
5-1-10 ~74.5 —69.3 ~2.26
10-1-2 ~70.6 ~70.2 ~0.17
10-1-6 ~70.6 ~70.2 -0.17
10-1-10  —70.6 ~70.2 —0.17
5-2-2 ~74.5 ~70.2 ~1.87
5-2-6 64.2 ~74.2 60
5-2-10 —64.2; 1377 ~70.7 2.82
10-2-2 —64.2 ~72.8 3.73
10-2-6 —64.2 ~735 4.05
10-2-10  —70.6; —1377  -728 0.96




4280 M. Stanojevic et al. | Desalination and Water Treatment 51 (2013) 4271-4282

Table 8

Previous determined data: stationary measured, ys;m, gm °; equilibrium oxygen contents, y*, gm™; electrons density in
couple process PLTE between electrons and hydrogen ions y=[el,, molm © [20]; and oxygen over-pressure, X = (Pin — pa)s
Pa [3]; compared oxygen volume transport coefficient with calculated values to chosen model, active drift and passive

3 3

saturation and diffusion rate constants, k, h™!

c-h-q Yetm (g M) 7* (g m~3) Ale]rVy, (mol m™—) AP, (kPa) Compared values k (h™")
5-1-2 6.40 10.1 1925 13.6 (kp @) m = ks = (kpa)x

5-1-6 6.60 10 2100 17.1. (kp @) =k

5-1-10 6.50 9.9 2083 24.3 (kpa) = kg = (kpa)c

10-1-2 5.80 10.1 3111 13.6. (kpa) m = (kra)x

10-1-6 6.00 10.1 3270 16.8 (kL) m =ks

10-1-10 5.90 10.1 3185 24.7 kozar = kea)m =kq

522 6.40 10.1 132 223 (kp@)m = (kra)K = kg = ke
5-2-6 6.70 10.6 130 25.2 kpm)m=kq=ks=2

5-2-10 7.00 10.3 102 0.061 (kpa)m = (kpa)c and kg, =kq = (kpa)ym/2
10-2-2 5.90 10.4 278 229 (kL) m = (kra)x = kq

10-2-6 6.10 10.5 278 26.1 (kL) m =kgq

10-2-10 6.40 104 360 321 (kL) m =kgq

between the two endothermic oxygen states (Ea(O/ 2007 [e], molm®

07)—Ea(0/0;)=Ea(O"/0O;). In the equivalent titra-
tion of the titrate hydrogen exothermic electrons affin-

s-2-q +—

ity AdqepB(H™/H)=-73K] mol ™! (Table 7, regimes: 10- ¥e lizngg;;gz‘ze
2-q oxygen affinities to electrons is consumed in the 0- . ! )
depolarization work of polarized chemisorbed hydro- 0 10 20 30
gen. In surface layer with the relative electric permit- Apoz. kI/m?3

tivity, &=10, AqepE(H /H)=Ea(O™/0*)/2=-141/
2=-705k]mol™", Ea(O/O")/eoer= AaepE(H /H)/e,,

Fig. 7. The functional dependences of the real energy
efficiency of oxygen transport and electrons density in gas
bubbles on the oxygen surface polarization, depending on
the examined the aeration regimes.

Fig. 8. The linear functional dependence in the aeration
regimes 5-2-4, between: electrons density in couple process
PLTE between electrons and hydrogen ions y=|[el,
molm ° [20] and oxygen over-pressure, x = (pi, — p,), Pa.

100 :
R?=0,6252 Ee, gkWh-1
c-1-q
- e ¥
=k FAR/RID E(H ™ /H)=Ea(0/0") /e, = —74.5 kfmol~! (5-1-2, 5-1-10,
32 1 0 1 52-2) and Ea(O/O?)/éetr=AaepE(H /H)/g, deter-
-100 mines  the  AgepE(H /H)=Ea(O/0*)/e,=—64.2
200 - go olwh-1 P kJmol !, (5-2-6, 10-2-2- and 10-2-6) (Table 7).
c-2-q In the aeration regime 5-1-6, the stationary elec-
‘/g\our"t trons transport energy of the chemisorbed hydrated
& ¥ 0 5 4 6 oxygen @olgcules AG(O,/0; )aq:31..841<]m017l keep
the equilibrium of spontaneous dissolved oxygen
-200 FA2/RTo hal th th hermic titrati ¢
5000 el e enthalpy with the endothermic titration (anode surface
t o polarization):
’\” \“\ ) — N = 3. = —
- . Y E?(Oz/Ost) G(0,/0, )aaq aissH(O2) =—11.7 711<]m01,
.. 5 ! 5 y . E.(Oy) = W(cs) = & X WPkLu:kdrCSOZ =43 k] mol ™.
-5000 FA%/RTo The maximal energy efficiencies of oxygen intro-

duction are achieved in the aeration regimes 5-2-7 in
the range of electrons densities directly proportional
with the air over-pressure on the air input (Fig. 8), at
the surface negative—cathode polarization, —1.9RT,
(Table 8, Fig. 7).
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5. Conclusion

The aeration plant has to be chosen based on the
understanding of the water column height influence,
so that real capacity of oxygen introduction corre-
sponds to the real oxygen consumption biology oxy-
gen demand of active sludge, at maximal energy
efficiency in conventional plants. The height of the
water column above the air distributor influences on
the contact time between the liquid and gaseous state,
i.e. how good oxygen transport efficiency will be real-
ized with oxygen transport volume coefficient, k;a.

(@) In the 2m high water column, the relative techni-
cal characteristics are increased in comparison to the
1m high water column, depending on the air flow
and waste motor oil content:

The increase in the real technical characteristic in
the water column 2m relative to 1 m is obtained:

¢ Up to 57% of the energy efficiency of oxygen intro-
duction, at the minimal air flow 2m®h~",

¢ Fighty percent transport efficiency in water with
less added oil content, 5gm “at the maximal air
flow, 10m*h~},

e And 18-32% at the middle air flow 6m>h~"' where
kLﬂ = ks~

(b) The over-pressure controls the electrons density
in aeration regimes 5-2-7. In the quasi-reversible pro-
cesses, kpa=k,=kq in regimes 5-2-g < 6. the best energy
efficiency of oxygen introduction is obtained for the
regime 5-2-2 for 57% relative to the regime 5-1-2 due to
the cathode surface polarization FAys 5, =—1.9RT, above
FAjs5.4.2=—1.6RT,. The oxygen transport volumetric coef-
ficient is equal to the calculated value to the Kawase
model, based on the surface tension and water column
height, along with the molecular oxygen diffusion and
viscosity resistance. The maximally increased ratio
between oxygen volumetric and drift rate constant, kya/
k4r=>5.1 at the (kpa)m, = (kpa)x =kq =k increases the energy
efficiency of oxygen introduction up to 28.4gkWh'
relative to water column 1m high, 18.1gkWh™' where,
kia/kgy=3.57 and (kpa)m, = (kpa)k= ke < kq.

(&) In th regime 5-2-10, oxygen transport volume
coefficient is equal to the calculated value to the Calder-
bank model, (k;a)m, = (ka)c based on the viscosity resis-
tance and molecular oxygen diffusion. The decreased
over-pressure from 22.3 to 0.061Pa and electrons
density for 30% at anode surface polarization decreased
the ratio kja/ks,=2 and energy efficiency of oxygen
introduction two to three times relative to regime 5-2-2.

(d) The twice greater electron densities in the
regimes 10-2-g relative to 5-2-g favour diffusion con-
trol of the oxygen introduction, kpa=kq at 1.4 greater
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saturation rates constants compared to the diffusion
rate constants.

(e) At greater electrons densities and absorption
rate constants for one-order of magnitude in the
regimes c-1-q, at twice greater diffusion rates, the
saturation rates constants control the oxygen introduc-
tion volumetric coefficients, kya =k;.
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